Introduction {#Sec1}
============

In the standard model (SM), the production of multiple jets in conjunction with two same-sign (SS) or three or more charged leptons is a very rare process in proton-proton ($\documentclass[12pt]{minimal}
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                \begin{document}$${\text {p}}{\text {p}}$$\end{document}$) collisions. These final states provide a promising starting point in the search for physics beyond the SM (BSM). Many models attempting to address the shortcomings of the SM lead to such signatures. Examples include the production of supersymmetric (SUSY) particles \[[@CR1], [@CR2]\], SS top quark pairs \[[@CR3], [@CR4]\], scalar gluons (sgluons) \[[@CR5], [@CR6]\], heavy scalar bosons of extended Higgs sectors \[[@CR7], [@CR8]\], Majorana neutrinos \[[@CR9]\], and vector-like quarks \[[@CR10]\].

In SUSY models \[[@CR11]--[@CR19]\], the decay chain of pair-produced gluinos or squarks can contain multiple $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {Z}}$$\end{document}$ bosons, with the potential to have at least one pair of SS $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}$$\end{document}$ bosons. Such a decay chain is realized, for example in gluino pair production, when a gluino decays into a top quark-antiquark pair and a neutralino, or into a pair of quarks and a chargino that subsequently decays into a $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}$$\end{document}$ boson and a neutralino. In R parity \[[@CR20]\] conserving (RPC) scenarios, the lightest SUSY particle is neutral and stable and escapes detection, leading to an imbalance in the measured transverse momentum. The magnitude of the missing transverse momentum strongly depends on the details of the model, and in particular on the mass spectrum of the particles involved. Scenarios with R parity violation (RPV) \[[@CR21], [@CR22]\] additionally allow decays of SUSY particles into SM particles only, leading in many cases to signatures with little or no missing transverse momentum. For many SUSY models, the SS and multilepton signatures provide complementarity with searches in the zero- or one-lepton final states, and they are particularly suitable for probing compressed mass spectra and other scenarios involving low-momentum leptons or low missing transverse momentum. Both the ATLAS \[[@CR23]\] and CMS \[[@CR24], [@CR25]\] Collaborations have carried out searches in these channels using LHC data collected up to and including 2016. The ATLAS Collaboration has also recently released a search with the full data set recorded between 2015 and 2018 \[[@CR26]\].

In this paper, we extend and refine the searches described in Refs. \[[@CR24], [@CR25]\] using a larger data set of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,{\text {TeV}} $$\end{document}$ recorded by the CMS detector at the CERN LHC in 2016--2018, corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$137{\,{\text {fb}}^{-1}} $$\end{document}$. We base our search on an initial selection of events with at least two hadronic jets and two SS or three or more light leptons (electrons and muons), including those from leptonic decays of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ leptons. Several signal regions (SRs) are then constructed with requirements on variables such as the number of leptons, the number of jets (possibly identified as originating from $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {b}}$$\end{document}$ quarks), and the magnitude of missing transverse momentum. A simultaneous comparison of the observed and SM plus BSM expected event yields in all SRs is performed to constrain the BSM models described in Sect. [2](#Sec2){ref-type="sec"}. After a brief description of the CMS experiment in Sect. [3](#Sec3){ref-type="sec"}, we present the details of the search strategy and event selection in Sect. [4](#Sec4){ref-type="sec"} and discuss the various relevant backgrounds from SM processes in Sect. [5](#Sec5){ref-type="sec"}. The systematic uncertainties considered in the analysis are presented in Sect. [6](#Sec6){ref-type="sec"}. In Sect. [7](#Sec7){ref-type="sec"}, the observed yields are compared to the background expectation and the results are interpreted to constrain the various BSM models introduced earlier. Model independent limits are also derived. Finally, the main results are summarized in Sect. [8](#Sec8){ref-type="sec"}.

Background and signal simulation {#Sec2}
================================

Monte Carlo (MC) simulations are used to study the SM backgrounds and to estimate the event selection efficiency of the BSM signals under consideration. Three sets of simulated events for each process are used in order to match the different data taking conditions in 2016, 2017, and 2018.

The hard scattering process of the dominant backgrounds estimated from simulation (including the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {W}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {Z}}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}{\text {Z}}$$\end{document}$ contributions) is simulated with the [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} 2.2.2 (2.4.2) \[[@CR27]--[@CR29]\] generator for 2016 (2017 and 2018) conditions. An exception is the $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}{\text {Z}}$$\end{document}$ process for the 2016 conditions that, as with a few subdominant backgrounds, is simulated using the [powheg]{.smallcaps}  v2 \[[@CR30]--[@CR34]\] next-to-leading order (NLO) generator. Samples of signal events, as well as of SS $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}$$\end{document}$ boson pairs and other very rare SM processes, are generated at leading order (LO) accuracy with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps}, with up to two additional partons in the matrix element calculations. The set of parton distribution functions (PDFs) used was NNPDF3.0 \[[@CR35]\] for the 2016 simulation and NNPDF3.1 \[[@CR36]\] for the 2017 and 2018 simulations.

Parton showering and hadronization, as well as the double parton scattering production of $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}^{\pm } {\text {W}}^{\pm }$$\end{document}$, are described using the [pythia]{.smallcaps}  8.230 generator \[[@CR37]\] with the CUETP8M1 (CP5) underlying event tune for 2016 (2017 and 2018) simulation \[[@CR38]--[@CR40]\]. The response of the CMS detector is modeled using the [Geant4]{.smallcaps} program \[[@CR41]\] for SM background samples, while the CMS fast simulation package \[[@CR42], [@CR43]\] is used for signal samples.

To improve the [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} modeling of the multiplicity of additional jets from initial-state radiation (ISR), 2016 MC events are reweighted according to the number of ISR jets ($\documentclass[12pt]{minimal}
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                \begin{document}$$N_J^\text {ISR}$$\end{document}$). The reweighting factors are extracted from a study of the light-flavor jet multiplicity in dilepton $\documentclass[12pt]{minimal}
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                \begin{document}$$N_J^\text {ISR}$$\end{document}$ between 1 and 4, with one half of the deviation from unity taken as the systematic uncertainty. This reweighting is not necessary for the 2017 and 2018 MC samples that are generated using an updated [pythia]{.smallcaps} tune.

The phenomenology of a given SUSY model strongly depends on its underlying details such as the masses of the SUSY particles and their couplings with the SM particles and each other, many of which can be free parameters. The signal models used by this search are simplified SUSY models \[[@CR44], [@CR45]\] of either gluino or squark pair production, followed by a variety of RPC (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}) or RPV (Fig. [3](#Fig3){ref-type="fig"}) decays and where several leptons can arise in the final state. Production cross sections are calculated at approximate next-to-next-to-leading order plus next-to-next-to-leading logarithmic (NNLO+NNLL) accuracy \[[@CR46]--[@CR58]\]. The branching fractions for the decays shown are assumed to be 100%, unless otherwise specified, and all decays are assumed to be prompt.

Gluino pair production models giving rise to signatures with up to four $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {W}}$$\end{document}$ bosons are shown in Fig. [1](#Fig1){ref-type="fig"}. In these models, the gluino decays to the lightest squark ($\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{\text {q}}} \rightarrow {\text {q}}' {\tilde{\chi }}^\pm _{1} $$\end{document}$) quarks. The chargino ($\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"}a shows a model of bottom squark production with subsequent decay of $\documentclass[12pt]{minimal}
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The R parity violating decays considered in this analysis are $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {T}1{{\text{tbs}}}$$\end{document}$, each gluino decays into three different SM quarks (a top, a bottom, and a strange quark).Fig. 1Diagrams illustrating the simplified RPC SUSY models with gluino production considered in this analysis Fig. 2Diagrams illustrating the simplified RPC SUSY models with squark production considered in this analysis Fig. 3Diagrams illustrating the two simplified RPV SUSY models considered in this analysis

The CMS detector and event reconstruction {#Sec3}
=========================================

The central feature of the CMS detector is a superconducting solenoid of $\documentclass[12pt]{minimal}
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Events of interest are selected using a two-tiered trigger system \[[@CR60]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select events at a rate of around $\documentclass[12pt]{minimal}
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The reconstructed vertex with the largest value of summed physics-object squared-transverse-momentum is taken to be the primary $\documentclass[12pt]{minimal}
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The particle-flow (PF) algorithm \[[@CR63]\] aims to reconstruct and identify each individual particle in an event, with an optimized combination of information from the various elements of the CMS detector. The energy of photons is directly obtained from the ECAL measurement. The energy of electrons is determined from a combination of the electron momentum at the primary interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with the electron track \[[@CR64]\]. The momentum of muons is obtained from the curvature of the corresponding track, combining information from the silicon tracker and the muon system \[[@CR65]\]. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for the response function of the calorimeters to hadronic showers. The energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

Hadronic jets are clustered from charged PF candidates associated with the primary vertex and from all neutral PF candidates using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{{\mathrm {T}}}$$\end{document}$ algorithm \[[@CR61], [@CR62]\] with a distance parameter of 0.4. The jet momentum is determined as the vectorial sum of all PF candidate momenta in the jet. An offset correction is applied to jet energies to take into account the contribution from pileup \[[@CR66]\]. Additional jet energy corrections are derived from simulation to bring the detector response to unity, and are improved with in situ measurements of the energy balance in dijet, multijet, photon+jets, and leptonically decaying $\documentclass[12pt]{minimal}
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Search strategy and event selection {#Sec4}
===================================

The search strategy is similar to the one adopted in Refs. \[[@CR24], [@CR25]\]. The event selection requires the presence of at least two hadronic jets and at least two leptons, among which is an SS pair, as described below. Each selected event is assigned to an SR, based on its content. Maximum likelihood fits of the background (or signal plus background) predictions to the data in all SRs are then performed. Such a strategy ensures sensitivity to a broad range of possible signatures of new physics, even beyond the signal benchmarks considered in this analysis.

The kinematic requirements applied to leptons and jets are presented in Table [1](#Tab1){ref-type="table"}. The analysis requires at least two jets with $\documentclass[12pt]{minimal}
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                \begin{document}$$10\,{\text {GeV}} $$\end{document}$) for electrons (muons). Electrons are identified based on a discriminant using shower shape and track quality variables, while the muon identification relies on the quality of the geometrical matching between the tracker and muon system measurements. In order to reject leptons from the decay of heavy flavor hadrons, the tracks are required to have an impact parameter compatible with the position of the primary vertex. Several isolation criteria are also applied, based on the scalar sum of hadron and photon $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm {T}}}$$\end{document}$ of the lepton to that of the closest jet after lepton momentum subtraction. These criteria are designed to mitigate the loss of lepton efficiency caused by lepton-jet overlaps that occurs frequently in events with significant hadronic activity. A more detailed description of the set of identification and isolation variables used in the lepton selection can be found in Ref. \[[@CR71]\].

The lepton reconstruction and identification efficiency is in the range of 45--70% (70--90%) for electrons (muons), with $\documentclass[12pt]{minimal}
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In order to reduce backgrounds from the decays of $\documentclass[12pt]{minimal}
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Backgrounds {#Sec5}
===========

Several SM processes can lead to the signatures studied in this analysis. There are three background categories, depending on the lepton content of the event:Events with two or more prompt leptons, including an SS pair;Events with at least one nonprompt lepton (defined below); andEvents with a pair of OS leptons, one of which is reconstructed with the wrong charge.The first category includes a variety of low cross section processes where multiple electroweak bosons are produced, possibly in the decay of top quarks, which then decay leptonically leading to an SS lepton pair. This category usually dominates the background yields in SRs with large $\documentclass[12pt]{minimal}
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The second category consists of events where one of the selected leptons, generically denoted as "nonprompt lepton", is either a decay product of a heavy flavor hadron or, more rarely, a misidentified hadron. This category is typically the dominant one in SRs with moderate or low $\documentclass[12pt]{minimal}
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The performance of the tight-to-loose ratio was assessed in a MC closure test. A tight-to-loose ratio was extracted from a MC sample of QCD events. This ratio was then used to predict the number of events with one prompt and one nonprompt SS dileptons in MC $\documentclass[12pt]{minimal}
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The final category is a subdominant background in all SRs and corresponds to events where the charge of a lepton is incorrectly measured. Charge misidentification primarily occurs when an electron undergoes bremsstrahlung in the tracker material or in the beam pipe. Similarly to the tight-to-loose method, the number of SS lepton pairs where one of the leptons has its charge misidentified can be determined using the number of OS pairs and the knowledge of the charge misidentification rate. We use simulation to parameterize this rate as a function of $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec6}
========================

The predicted yields of signal and background processes are affected by several sources of uncertainty, summarized in Table [8](#Tab8){ref-type="table"}. Depending on their source, they are treated as fully correlated or uncorrelated between the three years of data taking. Signal and background contributions estimated from simulation are affected by experimental uncertainties in the efficiency of the trigger, lepton reconstruction and identification \[[@CR64], [@CR73]\], the efficiency of $\documentclass[12pt]{minimal}
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To account for possible mismodeling of the flavor of additional jets, an additional 70% uncertainty is applied to $\documentclass[12pt]{minimal}
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As discussed in Sect. [5](#Sec5){ref-type="sec"}, the nonprompt lepton and charge misidentification backgrounds are estimated from CRs. The associated uncertainties include the statistical uncertainties in the CR yields, as well as the systematic uncertainties in the extrapolations from the CRs to the SRs, as described below. In the case of the nonprompt lepton background, we include a 30% uncertainty from studies of the closure of the method in simulation. Furthermore, the uncertainty in the measurement of the tight-to-loose ratio, because of the prompt lepton contamination, results in a 1--30% additional uncertainty in the background yields. The charge misidentification background is assigned a 20% uncertainty based on a comparison of the kinematic properties of simulated and data events in the $\documentclass[12pt]{minimal}
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In general, the systematic uncertainties with the largest impact on the expected limits defined below are related to the lepton identification and isolation scale factors, the cross section of the rare processes, and the $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {WZ}}$$\end{document}$ background normalization.Table 8Summary of the sources of systematic uncertainty and their effect on the yields of different processes in the SRs. The first two groups list experimental and theoretical uncertainties assigned to processes estimated using simulation, while the last group lists uncertainties assigned to processes whose yield is estimated from the data. The uncertainties in the first group also apply to signal samples. Reported values are representative for the most relevant signal regionsSourceTypical uncertainty (%)Correlation across yearsIntegrated luminosity2.3--2.5UncorrelatedLepton selection2--10UncorrelatedTrigger efficiency2--7UncorrelatedPileup0--6UncorrelatedJet energy scale1--15Uncorrelated$\documentclass[12pt]{minimal}
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Results and interpretation {#Sec7}
==========================

The distributions of the variables used to define the SRs after the event selection are shown in Fig. [4](#Fig4){ref-type="fig"}. Background yields shown as stacked histograms in Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, and [6](#Fig6){ref-type="fig"} are those determined following the prescriptions detailed in Sect. [5](#Sec5){ref-type="sec"}. The overall data yields exceed expectation by an amount close to the systematic uncertainty. However, no particular trend that is not covered by the uncertainties discussed in the previous sections, is seen in the distributions. The significance of the excess is of similar magnitude in all categories, with a maximum of around 2 standard deviations (s.d.) in the off-$\documentclass[12pt]{minimal}
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The results of the search, broken down by SR, are presented in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, and are summarized in Table [9](#Tab9){ref-type="table"}. No significant deviation with respect to the SM background prediction is observed. The largest excess of events found by fitting the data with the background-only hypothesis is in HH SR54, corresponding to a local significance of 2.6 s.d. Its neighboring bin, HH SR55, which is adjacent along the $\documentclass[12pt]{minimal}
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These results are then interpreted as experimental constraints on the cross sections for the signal models discussed in Sect. [2](#Sec2){ref-type="sec"}. For each model, event yields in all SRs are used to obtain exclusion limits on the production cross section at 95% confidence level ($\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} shows observed and expected exclusion limits for simplified models of gluino pair production with each gluino decaying to off- or on-shell third-generation squarks. These models were introduced in Sect. [2](#Sec2){ref-type="sec"} and denoted as $\documentclass[12pt]{minimal}
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Finally, Fig. [12](#Fig12){ref-type="fig"} shows observed and expected limits on the cross section of gluino pair production as a function of the gluino masses in the two RPV models described in Sect. [2](#Sec2){ref-type="sec"}. The observed and expected exclusions on the gluino mass are similar and reach 2.1 and $\documentclass[12pt]{minimal}
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The analysis sensitivity for the various models studied in Figs. [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}, [9](#Fig9){ref-type="fig"}, [10](#Fig10){ref-type="fig"} and [11](#Fig11){ref-type="fig"} is often driven by the event yields in a few SRs (off-$\documentclass[12pt]{minimal}
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Compared to the previous versions of the analysis \[[@CR24], [@CR25]\], the limits for the RPC models extend the gluino and squark mass observed and expected exclusions by up to $\documentclass[12pt]{minimal}
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A sample of events with two same-sign or at least three charged leptons (electrons or muons) produced in association with several jets in proton-proton collisions at $\documentclass[12pt]{minimal}
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Appendix A: Extended results {#Sec9}
============================

Tables [11](#Tab11){ref-type="table"}, [12](#Tab12){ref-type="table"}, [13](#Tab13){ref-type="table"}, [14](#Tab14){ref-type="table"}, [15](#Tab15){ref-type="table"} and [16](#Tab16){ref-type="table"}, corresponding to Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, show background predictions per process within each signal region.Table 11Event yields in HH regions. Yields shown as "--" have a contribution smaller than 0.01, or do not contribute to a particular region$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {W}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {Z}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {H}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {W}}$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}}$$\end{document}$WWX+$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$RareCharge misid.Nonprompt lep.SM expectedDataSR153±1514.1±4.113.7±3.5349±97129±37300±120105±43136±16460±2601560±3001673SR228.5±8.17.7±2.27.7±2.0124±34161±4686±4038±1634.6±3.994±60582±93653SR38.1±2.31.46±0.411.64±0.4219.8±5.613.0±3.87.3±7.38.8±3.714.0±1.626±21100±25128SR46.2±1.82.34±0.673.45±0.864.0±1.14.4±1.30.50±0.234.3±1.82.01±0.2212.4±7.739.5±8.554SR54.0±1.10.48±0.140.49±0.1215.9±4.421.1±6.15.5±4.74.8±2.00.50±0.064.9±2.457.7±9.953SR61.64±0.490.49±0.140.57±0.156.7±2.05.2±1.68.6±5.32.6±1.00.61±0.076.0±3.332.5±7.124SR70.91±0.260.26±0.070.38±0.090.62±0.190.84±0.231.2±1.20.43±0.180.08±0.010.81±0.515.5±1.87SR81.67±0.480.27±0.090.24±0.063.10±0.896.9±2.02.6±2.61.83±0.814.15±0.482.1±2.022.9±5.133SR91.00±0.290.27±0.090.20±0.052.79±0.774.5±1.32.0±2.01.17±0.504.59±0.543.0±2.419.5±3.920SR101.45±0.420.26±0.070.27±0.070.99±0.272.71±0.820.02±0.021.66±0.680.66±0.081.61±0.849.6±1.911SR11130±3734.6±9.835.0±9.229.8±8.311.3±3.349±2130±1289±10530±270940±2701115SR1280±2221.2±6.022.3±5.714.2±3.915.8±4.724±1116.3±6.721.7±2.5125±76340±81384SR1312.8±3.61.96±0.561.97±0.511.54±0.440.77±0.291.43±0.901.35±0.543.91±0.4410.6±8.336.3±9.540SR146.5±1.81.93±0.561.96±0.510.54±0.190.31±0.131.05±0.571.03±0.424.15±0.479.4±6.926.8±7.426SR1513.9±3.94.0±1.26.4±1.60.44±0.150.67±0.200.67±0.323.5±1.41.16±0.1312.1±7.042.7±8.668SR167.8±2.24.0±1.26.2±1.60.35±0.110.35±0.100.86±0.412.7±1.11.18±0.1314.4±7.937.9±8.641SR179.3±2.71.21±0.351.38±0.351.86±0.531.96±0.573.3±3.31.74±0.700.89±0.104.9±3.126.5±6.229SR184.1±1.21.05±0.311.30±0.330.72±0.210.54±0.160.76±0.390.94±0.390.95±0.114.0±3.114.3±3.613SR192.76±0.780.87±0.251.24±0.320.14±0.040.14±0.041.6±1.50.73±0.310.20±0.022.9±1.510.6±2.512SR204.9±1.40.76±0.220.60±0.150.54±0.170.66±0.191.7±1.70.72±0.311.17±0.131.2±1.212.3±2.914SR212.66±0.740.68±0.200.59±0.150.27±0.130.62±0.180.53±0.300.59±0.251.27±0.141.9±1.99.2±2.717SR224.5±1.30.75±0.221.00±0.250.16±0.060.30±0.090.42±0.191.30±0.550.49±0.051.2±1.210.1±2.117SR2377±2220.5±5.922.2±6.01.62±0.510.59±0.1722.4±9.38.8±3.756.9±6.561±31272±43354SR2455±1614.8±4.216.8±4.41.16±0.350.85±0.259.4±3.67.8±3.213.6±1.627±15147±25177SR257.5±2.21.05±0.301.19±0.320.09±0.03--0.60±0.350.79±0.332.18±0.251.9±1.715.3±2.912SR264.1±1.20.89±0.281.29±0.340.02±0.020.02±0.010.76±0.350.53±0.222.14±0.251.7±1.711.4±2.419SR2712.2±3.63.7±1.16.0±1.60.15±0.060.05±0.031.01±0.493.9±1.60.96±0.115.4±2.833.4±5.449SR287.4±2.13.6±1.16.0±1.60.02±0.010.12±0.040.95±0.403.3±1.41.06±0.127.6±3.330.1±4.938SR295.4±1.50.61±0.180.79±0.210.16±0.060.04±0.030.16±0.090.65±0.270.39±0.042.2±1.510.4±2.29SR302.68±0.800.57±0.150.80±0.210.20±0.060.08±0.030.47±0.230.37±0.150.48±0.060.94±0.796.6±1.37SR312.74±0.840.56±0.171.16±0.300.06±0.020.07±0.030.15±0.061.10±0.460.18±0.020.92±0.926.9±1.56SR323.41±0.960.60±0.180.47±0.12--0.05±0.020.35±0.170.38±0.160.52±0.060.10±0.105.9±1.114SR332.09±0.600.59±0.180.58±0.15--0.01±0.010.24±0.120.31±0.130.55±0.061.7±1.36.1±1.67SR342.97±0.900.67±0.200.81±0.210.02±0.000.08±0.030.24±0.101.12±0.460.33±0.040.58±0.586.8±1.310SR353.25±0.950.83±0.261.19±0.33----0.27±0.220.57±0.250.95±0.111.75±0.988.8±1.516SR361.83±0.550.80±0.241.22±0.34----0.48±0.280.49±0.210.97±0.112.9±1.88.7±2.011SR373.3±1.00.98±0.301.11±0.31--0.02±0.010.40±0.171.03±0.420.55±0.062.0±1.39.4±1.97SR381.93±0.580.89±0.261.07±0.300.01±0.01--0.38±0.270.97±0.400.56±0.071.17±0.807.0±1.35SR392.16±0.650.65±0.211.16±0.330.02±0.01--0.22±0.093.4±1.40.20±0.021.7±1.19.6±2.19SR401.54±0.490.82±0.281.29±0.36----0.36±0.173.1±1.30.21±0.031.26±0.678.6±1.711SR410.46±0.140.14±0.040.16±0.05----0.07±0.040.13±0.050.14±0.02--1.10±0.322SR420.24±0.090.08±0.050.08±0.03----0.02±0.020.17±0.070.04±0.01--0.63±0.490SR430.21±0.090.04±0.040.07±0.02----0.12±0.120.14±0.060.04±0.010.04±0.040.67±0.601SR440.14±0.040.03±0.010.08±0.02----0.02±0.010.39±0.160.04±0.000.04±0.040.74±0.271SR450.16±0.080.04±0.040.07±0.030.03±0.03--0.04±0.040.36±0.150.01±0.01--0.71±0.531SR469.6±2.80.93±0.260.91±0.238.3±2.314.7±4.36.9±6.83.5±1.50.61±0.072.3±2.047.8±9.759SR473.5±1.00.84±0.280.92±0.233.04±0.842.92±0.881.9±1.91.51±0.620.66±0.072.0±1.417.3±3.824SR481.27±0.400.12±0.040.05±0.021.64±0.464.7±1.41.8±1.80.44±0.180.05±0.010.20±0.1610.3±2.911SR490.37±0.110.13±0.040.08±0.020.62±0.230.41±0.130.02±0.010.34±0.170.04±0.000.03±0.032.06±0.493SR502.57±0.790.30±0.100.54±0.150.43±0.120.72±0.230.06±0.031.11±0.450.09±0.010.72±0.316.5±1.113SR511.16±0.380.35±0.140.57±0.150.20±0.070.15±0.060.02±0.010.79±0.340.08±0.010.40±0.383.72±0.794SR520.45±0.120.06±0.020.05±0.020.22±0.090.15±0.050.02±0.010.20±0.08--0.05±0.051.21±0.294SR530.20±0.090.05±0.040.06±0.03--0.03±0.03--0.08±0.040.01±0.01--0.44±0.442SR541.75±0.530.26±0.090.23±0.070.95±0.294.6±1.40.65±0.580.63±0.270.46±0.050.29±0.129.8±1.824SR550.99±0.280.15±0.050.12±0.040.78±0.234.0±1.10.03±0.030.58±0.240.35±0.040.33±0.337.3±1.44SR560.57±0.160.04±0.010.07±0.020.39±0.132.46±0.720.34±0.340.17±0.070.18±0.020.22±0.174.44±0.986SR572.04±0.590.48±0.130.53±0.160.29±0.100.47±0.150.04±0.020.71±0.290.22±0.030.89±0.735.7±1.16SR581.65±0.560.17±0.050.30±0.090.14±0.050.47±0.15--0.70±0.310.13±0.020.48±0.484.0±1.06SR590.99±0.350.06±0.020.16±0.060.15±0.060.37±0.11--0.27±0.120.13±0.010.11±0.112.24±0.532SR600.61±0.180.08±0.040.33±0.09--0.01±0.010.03±0.020.67±0.290.04±0.000.06±0.061.83±0.445SR610.65±0.210.12±0.040.20±0.060.08±0.050.09±0.03--0.50±0.200.03±0.000.19±0.141.88±0.405SR620.41±0.120.05±0.020.14±0.050.04±0.010.03±0.010.01±0.010.22±0.090.02±0.000.43±0.431.35±0.560Total610±180158±40180±44600±160420±120540±250280±150409±431460±7404660±8805376 Table 12Event yields in HL regions. Yields shown as "--" have a contribution smaller than 0.01, or do not contribute to a particular region$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \usepackage{amssymb} 
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                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {W}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \usepackage{amsmath}
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                \usepackage{amsbsy}
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                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {H}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \setlength{\oddsidemargin}{-69pt}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
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                \begin{document}$${\text {Z}}$$\end{document}$WWX+$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$RareCharge misid.Nonprompt lep.SM expectedDataSR117.5±4.96.2±1.86.8±1.8168±4749±14145±6751±2133.6±3.8910±2901390±3001593SR27.2±2.12.63±0.763.21±0.8238±1046±1341±2511.3±4.86.54±0.73192±62348±67337SR30.97±0.280.20±0.070.34±0.095.0±1.42.24±0.680.04±0.041.88±0.790.24±0.0316.0±5.326.9±8.839SR41.85±0.540.81±0.231.67±0.421.19±0.341.45±0.420.30±0.131.25±0.500.48±0.0626.9±9.135.9±9.134SR51.15±0.330.20±0.060.23±0.065.5±1.57.8±2.34.2±3.71.12±0.460.10±0.019.4±3.029.8±6.034SR60.36±0.100.21±0.070.22±0.062.73±0.761.43±0.438.4±6.70.49±0.220.19±0.028.2±2.522.2±7.212SR70.22±0.070.10±0.050.19±0.050.29±0.100.25±0.090.07±0.040.32±0.140.02±0.003.2±1.44.7±1.46SR846±1316.5±4.718.0±4.714.6±4.03.4±1.036±1613.5±5.525.4±2.9920±2801100±2801342SR922.0±6.28.2±2.39.9±2.54.4±1.24.1±1.28.8±3.84.6±1.94.53±0.51232±70299±71330SR101.65±0.480.27±0.080.35±0.090.16±0.060.16±0.050.64±0.290.22±0.110.23±0.035.5±2.19.1±2.38SR110.81±0.250.23±0.080.41±0.110.12±0.050.05±0.020.17±0.090.21±0.090.20±0.024.2±1.66.4±1.69SR124.2±1.21.26±0.383.23±0.820.08±0.030.25±0.101.58±0.860.85±0.340.29±0.0330.3±9.042.1±9.249SR131.95±0.581.37±0.413.18±0.810.10±0.060.06±0.021.14±0.440.92±0.380.32±0.0424.0±8.233.0±8.439SR144.3±1.30.88±0.251.16±0.301.14±0.330.90±0.260.51±0.230.59±0.250.45±0.0515.9±5.525.8±5.925SR150.62±0.230.10±0.100.30±0.09--0.04±0.040.03±0.030.15±0.080.03±0.011.6±1.62.8±2.07SR160.30±0.110.17±0.080.34±0.090.06±0.060.02±0.02--0.14±0.070.03±0.011.4±1.22.5±1.32SR1728.9±8.210.3±3.011.7±3.10.68±0.210.09±0.0415.6±6.73.9±1.617.9±2.1133±39222±42260SR1816.8±4.86.2±1.87.9±2.10.53±0.150.24±0.086.4±2.62.40±1.003.34±0.3843±1386±15104SR190.72±0.240.12±0.040.28±0.07----0.04±0.040.05±0.030.13±0.010.87±0.692.22±0.904SR200.58±0.170.11±0.040.26±0.070.05±0.030.03±0.020.12±0.050.09±0.040.13±0.011.8±1.13.2±1.14SR214.4±1.31.69±0.473.13±0.82--0.11±0.032.5±1.91.23±0.500.25±0.036.5±2.219.8±3.828SR222.06±0.571.41±0.413.15±0.82----1.01±0.490.95±0.380.23±0.037.3±2.516.1±3.019SR231.96±0.560.21±0.080.42±0.110.05±0.020.09±0.040.21±0.090.16±0.070.12±0.011.5±1.04.7±1.31SR240.83±0.250.27±0.090.37±0.100.09±0.040.01±0.010.17±0.080.16±0.060.15±0.021.9±1.24.0±1.22SR251.11±0.340.26±0.080.57±0.15----0.21±0.090.31±0.130.05±0.011.52±0.984.0±1.15SR261.02±0.300.41±0.120.61±0.17--0.01±0.000.49±0.200.21±0.090.27±0.035.4±2.38.5±2.47SR270.53±0.150.47±0.140.60±0.17----0.53±0.220.17±0.080.28±0.035.8±2.58.4±2.57SR281.36±0.410.60±0.201.14±0.31----0.21±0.091.02±0.420.18±0.024.4±2.08.9±2.211SR290.92±0.280.43±0.141.12±0.31----0.34±0.140.98±0.410.22±0.036.9±3.010.9±3.111SR300.36±0.130.15±0.050.20±0.06----0.02±0.010.30±0.120.03±0.000.18±0.181.25±0.393SR310.41±0.120.05±0.020.17±0.040.15±0.050.12±0.050.05±0.020.08±0.040.09±0.010.81±0.291.92±0.374SR320.73±0.240.06±0.020.19±0.050.18±0.070.31±0.110.06±0.030.33±0.140.07±0.010.83±0.382.77±0.563SR332.51±0.710.32±0.080.33±0.092.66±0.765.0±1.40.16±0.161.62±0.690.12±0.016.4±1.919.1±4.123SR340.99±0.270.24±0.070.30±0.081.19±0.340.70±0.210.08±0.050.72±0.320.11±0.013.2±1.27.5±1.59SR350.30±0.090.03±0.010.03±0.010.55±0.170.95±0.300.01±0.010.15±0.08--0.09±0.092.12±0.495SR360.11±0.050.02±0.02--0.10±0.100.06±0.06--0.08±0.08--0.09±0.090.47±0.331SR370.71±0.210.13±0.040.20±0.050.18±0.060.34±0.100.01±0.010.19±0.090.02±0.000.96±0.652.75±0.774SR380.19±0.060.11±0.040.21±0.060.02±0.020.06±0.020.01±0.010.18±0.080.02±0.000.88±0.451.68±0.500SR390.21±0.080.02±0.020.03±0.01--0.07±0.06--0.04±0.02--0.59±0.590.97±0.970SR400.60±0.170.05±0.040.18±0.050.11±0.081.01±0.30--0.30±0.130.05±0.010.54±0.432.83±0.707SR410.24±0.120.12±0.070.18±0.060.05±0.050.17±0.122.1±2.10.11±0.060.04±0.010.79±0.543.8±3.80SR420.92±0.290.12±0.040.15±0.050.27±0.081.59±0.460.03±0.010.21±0.090.06±0.011.57±0.814.9±1.09SR430.24±0.070.11±0.040.21±0.070.16±0.050.32±0.100.51±0.510.19±0.080.09±0.010.53±0.202.36±0.725Total180±5263±1683±20248±64129±36270±120105±5697±102640±5903820±6204402 Table 13Event yields in LL regions. Yields shown as "--" have a contribution smaller than 0.01, or do not contribute to a particular region$\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {t}{\bar{\hbox {t}}} {\text {H}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
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                \begin{document}$${\text {W}}$$\end{document}$ $\documentclass[12pt]{minimal}
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                \usepackage{wasysym} 
                \usepackage{amsfonts} 
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                \usepackage{amssymb} 
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                \usepackage{upgreek}
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                \begin{document}$$\gamma $$\end{document}$RareCharge misid.Nonprompt lep.SM expectedDataSR10.34±0.100.27±0.080.30±0.081.93±0.572.27±0.660.41±0.280.38±0.170.06±0.0117.0±7.223.0±7.229SR20.10±0.040.05±0.030.07±0.020.93±0.310.86±0.250.03±0.010.37±0.16--2.6±1.55.0±1.66SR31.00±0.270.90±0.261.03±0.260.19±0.060.14±0.040.14±0.140.33±0.140.09±0.0119.9±6.523.8±6.627SR40.47±0.140.11±0.030.28±0.070.05±0.020.08±0.020.09±0.040.19±0.080.01±0.003.4±1.54.7±1.57SR50.92±0.260.68±0.200.96±0.250.01±0.000.02±0.020.16±0.140.28±0.120.09±0.014.8±1.88.0±1.915SR60.33±0.130.14±0.070.21±0.06--0.04±0.040.03±0.030.05±0.020.02±0.011.2±1.12.0±1.10SR70.17±0.060.09±0.030.19±0.06----0.12±0.050.21±0.090.02±0.000.81±0.561.61±0.593SR80.02±0.020.01±0.010.01±0.01------------0.06±0.060Total3.36±0.982.25±0.603.04±0.803.09±0.823.42±0.960.79±0.421.84±0.970.30±0.0350±1368±1387 Table 14Event yields in on-$\documentclass[12pt]{minimal}
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                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$RareNonprompt lep.SM expectedDataSR11.12±0.3046±131.67±0.43620±17011.9±5.7105±4254±18840±170985SR20.71±0.216.8±1.90.46±0.1268±193.1±2.617.8±7.39.9±4.6107±21136SR30.18±0.058.5±2.40.23±0.0695±260.02±0.0111.7±4.83.2±1.8119±27146SR40.17±0.061.99±0.540.17±0.045.8±1.60.03±0.012.19±0.870.68±0.4611.1±2.110SR50.13±0.047.7±2.20.25±0.0683±232.3±1.211.0±4.54.5±2.1109±24126SR60.09±0.031.42±0.390.06±0.0213.6±3.80.74±0.612.5±1.00.93±0.6919.3±4.124SR70.10±0.032.55±0.730.09±0.0235±100.09±0.043.7±1.60.89±0.5342±1047SR80.11±0.030.45±0.150.04±0.012.02±0.67--0.61±0.250.25±0.183.47±0.843SR95.6±1.6140±396.1±1.652±145.3±2.472±2946±17327±54419SR101.70±0.4823.4±6.71.18±0.317.6±2.10.20±0.099.1±3.83.2±2.046.5±8.453SR110.61±0.1725.9±7.50.98±0.2511.0±3.00.27±0.169.5±3.93.1±1.351.3±9.162SR120.30±0.087.5±2.10.36±0.093.48±0.990.04±0.022.9±1.20.95±0.6715.6±2.827SR134.8±1.489±254.5±1.23.7±1.02.17±0.9022.4±9.04.9±1.9131±27162SR140.98±0.2913.4±3.90.76±0.200.62±0.190.09±0.032.8±1.11.24±0.8319.9±4.326SR150.54±0.1620.3±5.80.91±0.240.96±0.290.13±0.063.7±1.50.42±0.3126.9±6.135SR160.25±0.085.2±1.60.34±0.090.38±0.120.05±0.021.17±0.480.38±0.387.8±1.812SR170.12±0.049.5±2.80.56±0.160.24±0.070.04±0.022.22±0.901.25±0.9814.0±3.119SR180.52±0.1620.5±5.90.84±0.2244±121.8±1.111.7±4.84.8±1.684±15117SR190.20±0.063.8±1.10.24±0.068.2±2.30.83±0.613.3±1.31.66±0.8418.2±3.326SR200.34±0.119.5±2.70.48±0.1223.5±6.50.01±0.015.3±2.21.34±0.6640.4±7.634SR210.36±0.101.75±0.510.17±0.051.52±0.480.01±0.010.89±0.360.23±0.104.92±0.887SR220.28±0.097.0±2.00.20±0.0532.3±9.1--6.3±2.60.87±0.3446.9±9.950SR230.34±0.101.68±0.480.12±0.032.02±0.59--1.16±0.460.50±0.505.8±1.210Total19.5±5.6450±11020.8±5.01110±28029±12310±160145±412090±3602536 Table 15Event yields in off-$\documentclass[12pt]{minimal}
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